Abstract-In this paper we describe ultra lowvoltage (ULV) rail-to-rail CMOS TANH shaped transconductance amplifiers using floating gates. The OTA can operate with a supply voltage down to 200mV. Preliminary simulation results of the differential ULV amplifier are provided.
I. INTRODUCTION
The minimum supply voltage in low-voltage circuits can be defined as Vsup,min = 2(V' , + VSat) [I] . Low-voltage cir- cuits are able to operate on a supply voltage of two stacked gate-source voltages and two saturation voltages. Differential amplifiers are biased with a transistor feeding a differential pair, where the current level is set by the bias transistor. The minimum input voltage in a NMOS input pair is given by + nVdsat < K, < Vdd, where n is the slope factor modeling the body effect [2] . The bias voltage is linearely dependent to the threshold voltage for a given bias current. To provide a cut-off frequency in the M H z range the bias transistor can not be operated in deep weak inversion, hence the input voltage and supply voltage are limited by the threshold voltage, the saturation voltage and the body effect (xnm,,, , vdd > 1v). By eliminating the bias transistor we can decrease the supply voltage further (to n 4 U~ = 200mV). The challenge is therefore to design a differential input stage without the traditional differential pair.
Current mode analog circuits using the floating-gate transistor [3] and the floating-gate approach can be exploited to design ultra lowvoltage analog and digital cirIn this paper we exploit the multiple input FGUVMOS transistor to design a ultra lowvoltage rail-to-rail OTAs.
Assuming that the circuit operates in weak inversion the output current of the TANH-shaped ULV OTA with inputs VI and Vz can be expressed as cuits [41, 151, ~1 , 171.
In section I1 the FGUVMOS transistor is shortly described. The floating-gate analog inverter is presented in chapter 111. In section IV we describe the circuits for providing the denominator in equation 1 ., Two differential ULV amplifiers are described in section V. By exposing the circuit to short-wave UVlight, the threshold voltage of both PMOS and NMOS transistors can be tuned simply by reverse-biasing the powerrails in a programming mode.
In the following, we will apply FGUVMOS transistors t o design a compact rail-to-trail amplifier for ULV operation, but to understand the design, we have to explain some more details about FGUVMOS circuits in general.
There is always one PMOS stacked on top of one NMOS transistor. The height is always two with a common drainnode, but additional MOS transistors may be added in parallel (both Ps and Ns). However, each floating gate may have several inputs connected through floating capacitors, compensating for limited stacking. All FGUVMOS circuits must be tuned or programmed using short-wave UV-light (UV-C) [4], [SI. All transistors on a chip,.or even a wafer, can be programmed simultaneously without using any additional programming circuitry.
In programming mode, the threshold voltage of both NMOS and PMOS transistors are independently reduced, by reverse biasing the power supply rails and exposing the whole circuit area to UV light for 0.1-10 minutes, depending on the technology and layout. In this mode the souce and drain of all transistors are interchanged making the nodes between the NMOS and PMOS strongly driven by a source-follower configuration to a equilibrium voltage (Vdd/2). The current flowing trough the stacked transistors are now matched.
In spite of design restrictions imposed by the tuning scheme, it is possible to make powerful circuits. A crucial design parameter is sizing of coupling capacitors. For a multiple input FGUVMOS transistor each input has by design an effective coupling capacitance, C,, to the floating gate. The input signal is attenuated with a factor, called the capacitive division factor, ki = C~/CT, where CT is the total load capacitance seen from the floating gate.
For FGUVMOS circuits it is convenient to express the behavior as modulation of the equilibrium condition. For simplicity, we will model the weak inversion behavior, the circuits may operate in strong inversion as well. The input modulation of the drain current as a function of the ith input terminal may be expressed as exp{ & (% -Vdd/2)ki).
The accumulated drain kurrent modulation of m inputs is expressed as the product nzl exp{ &-(x -V&f/2)ki).
The effective drain current , see figure 1 (transistor not pro-
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THE FLOATING-GATE ANALOG INVERTER
The first subcircuit needed for providing a differential input to the ULV OTAs is the analog voltage inverter. The floating-gate analog inverter 1101 is shown in figure 2 (a) Fig. 2 (a) are shown together with measured result in' Fig. 2 (c) . Experimental results suggest that the analog inverter can operate for 
VI. CONCLUSION
We have presented an ultra lowvoltage (ULV) rail-to-rail CMOS TANH shaDed transconductance amplifiers using
